Design: The aim of this study was to determine the association between aging and adiponectin level from the aspect of the influence of renal function and sex hormones in humans. Methods: Serum adiponectin and blood urea nitrogen (BUN) levels were measured in 964 subjects (372 males) aged 60.3^12.5 years. Testosterone and free testosterone levels were measured in 123 males, and estrone and estradiol levels were measured in 114 females. The subjects were divided into two age groups; 65 years of age or older (Age $65 group) and less than 65 years of age (Age , 65 group). Results: Adiponectin level increased linearly with aging in males, whereas it increased dramatically in females until their 50s. The patterns of changes in adiponectin were similar to those in BUN. In multiple-regression analysis using adiponectin as a dependent variable BUN was selected as a significant independent variable in all subjects and in subjects in the Age $ 65 group, whereas bioactive sex hormones were not selected. Conclusions: A decrease in adiponectin clearance in the kidney may be the cause of high levels of adiponectin in the elderly. Adiponectin level seems to be influenced more strongly by BUN than by sex hormones and to be increased by a decline in renal function with aging.
Introduction
Adiponectin is a 244-amino-acid plasma protein (1) that was identified from a gene, apM1, specifically expressed in fat tissue. Adiponectin has been shown to circulate as a trimer, hexamer or higher-molecularmass form in the blood of healthy subjects and to be present at a high level of 5-10 mg/ml (2 -6) . It has been shown that the ratios among these forms determine their activity (7 -9) . There are also significant sex differences in the circulating concentrations of adiponectin and in the ratios of their subunits (7, 10) . Differences between adiponectin levels were found in normotensive and hypertensive men with abnormal renal function, but not in women (10) . It has been reported that the level is low in subjects carrying excessive organ fat and that the level increases with a reduction in body weight and is correlated negatively with body mass index (BMI) (3) . In addition, adiponectin level has been shown to be correlated negatively with blood pressure and triglyceride level and positively with high-density lipoprotein (HDL) level and to be decreased in patients with hypertension (11) and hyperlipidemia (12, 13) . It has also been shown to be correlated negatively with fasting plasma glucose (FPG) level, plasma glucose level 2 h after a meal and fasting insulin concentration (14, 15) , and to be closely associated with insulin resistance (16 -20) .
On the other hand, it has been reported that adiponectin levels are elevated in the elderly (21, 22) . This seemingly contradictory finding that levels of adiponectin, which has anti-atherosclerotic properties, were elevated in elderly subjects who were presumed to have developed atherosclerosis due to the accumulation of risk factors is intriguing. Previous studies showed that there is an inverse relationship between adiponectin and creatinine clearance in essential hypertensives and that adiponectin level was increased in patients with a combination of decline of renal function and hypertension (10) . It has also been reported that adiponectin level was increased in patients with end-stage renal disease (23) and that adiponectin level was positively associated with impaired renal function, assessed by urinary albumin-to-creatinine ratio, in patients with diabetes (24) . However, the mechanisms by which adiponectin is metabolized and excreted are not known, and the relationship between renal function and adiponectin level in humans who are relatively healthy has not been determined. Most of serum testosterone binds to albumin and sex-hormone-binding globulins, and serum free testosterone, which accounts for 1-2% of total serum testosterone, exhibits biological activity in humans (25) . However, the mechanisms by which androgen affects adiponectin level have also not been determined, and there has been little investigation of the relationship between free testosterone and adiponectin levels.
In this study, we examined the association between aging and adiponectin level from the aspect of the influence of a decline of renal function or sex hormones in participants in mass-screening tests for residents in a region of Hokkaido, Japan.
Subjects and methods
Of 1519 participants in mass-screening tests for the residents of the towns Tanno and Sobetsu in Hokkaido, Japan, in 2003, 964 males and females with an average age of 60.3^12.5 years (372 males with an average age of 62.8^12.4 years and 592 females with an average age of 58.8^12.3 years) were selected after exclusion of patients undergoing treatment for hypertension, diabetes and hyperlipidemia (subjects from the first selection), and 237 males and females with an average age of 58.3^16.2 years (123 males with an average age of 59.8^16.7 years and 114 females with an average age of 56.6^15.6 years) were randomly selected from seven 10-year age brackets (30s to 90s) in males and from six 10-year age brackets (30s to 80s) in females, with a maximum of 21 subjects from each bracket, after exclusion of patients undergoing treatment for hypertension, diabetes and hyperlipidemia (subjects from the second selection). Since the number of subjects in the 90s bracket in males was only four, they were included in the 80s bracket in males. Patients with reproductive organ disease that might affect sex hormones were not included in this study.
The mass-screening tests were carried out between 0600 and 0800 h in the morning. Height and body weight were measured before blood-pressure measurement, and blood was collected from the subjects under fasting conditions before breakfast. Blood pressure was measured more than once from the right arm after resting for several minutes in a sitting position, and the average was calculated. Blood was collected from the median cubital vein in a sitting position with a vacuum tube. The items measured were systolic blood pressure (SBP), diastolic blood pressure (DBP), BMI, FPG, total cholesterol, triglyceride, HDL, blood urea nitrogen (BUN), serum creatinine and serum adiponectin concentrations. Serum was stored in a freezer at 2 20 8C. The frozen serum was used to measure testosterone and free testosterone concentrations in males and estrone (E1) and estradiol (E2) concentrations in females after 4 months. Biochemical data were assayed as follows: FPG, the glucose-oxidase electrode method; total cholesterol, the cholesterol oxidase enzymatic assay method; triglyceride, the enzymatic colorimetric method; HDL, the direct liquid-stable assay; BUN, urease-glutamate dehydrogenase method; serum creatinine, Jaffe reaction method; adiponectin, the sandwich ELISA method (human adiponectin ELISA kit; Otsuka Pharmaceutical Co., Tokyo, Japan); testosterone and free testosterone, solid-phase RIA method (Coat-A-Count TotalTestosterone and Coat-A-Count Free Testosterone Diagnostic Products Corp., Los Angeles, CA, USA); E1, the double-antibody RIA method (ESTRONE RIA; Diagnostic Systems Laboratories, Inc., Webster, TX, USA); and E2, solid-phase RIA method (Coat-A-Count Estradiol; Diagnostic Products Corp.). The minimum detectable values for testosterone, free testosterone, E1 and E2 were , 5.0 ng/dl (0.17 nM), , 0.5 pg/ml (1.73 pM), , 15.0 pg/ml (55.5 pM) and , 8.0 pg/ml (29.4 pM), respectively.
The subjects from the first selection were divided into two age groups, 65 years of age or older (Age $ 65 group) and less than 65 years of age (Age , 65 group), to compare indices in middle-aged and elderly subjects. Multiple-regression analysis was performed with adiponectin as a dependent variable for both data from subjects from the first selection and data from subjects from the second selection.
The present study was carried out in accordance with the Declaration of Helsinki (1981) of the World Medical Association, and the study protocol was approved by the Research Committee of Sapporo Medical University, Sapporo, Japan. Written, informed consent was obtained from each subject after full explanation of the purpose, nature and risk of all procedures used.
Statistical analysis was performed with Windows SPSS version 12.0 in Japanese (SPSS Japan). Since adiponectin showed an F distribution, natural logarithmic-transformed values (LnAdipo) were used, and each value is presented as a mean^S.D. The unpaired t-test was used to compare data in two groups. A P value of less than 0.05 was considered statistically significant.
Results
The characteristics of subjects from the first selection are shown in Table 1 . Adiponectin concentrations were 6.02^3.33 mg/ml in males and 8.91^4.20 mg/ml in females, the concentration being significantly higher in females than in males. LnAdipo correlated positively with age, HDL and BUN and negatively with BMI, DBP, FPG, total cholesterol and triglyceride in males and correlated positively with age, HDL and BUN and negatively with BMI, FPG and triglyceride in females. Age, BMI, SBP, DBP, FPG, triglyceride, BUN and serum creatinine were significantly higher in males than in females, and total cholesterol and HDL were significantly lower in males than in females.
The mean values of adiponectin and BUN in relation to age are shown in Figs 1 and 2. Adiponectin increased linearly with aging in males, whereas in females it increased sharply until the 50s age bracket with a convex curve and then increased gradually (Fig. 1) . The patterns of changes in adiponectin were similar to the patterns of changes in BUN (Figs 1 and 2) .
In multiple-regression analysis of sex differences, age, BMI, SBP, FPG, total cholesterol, triglyceride, HDL and BUN with LnAdipo as a dependent variable, BUN was selected as a significant independent variable as well as sex differences, age, BMI, FPG, triglyceride and HDL (Table 2) . SBP, BUN and adiponectin were significantly higher and BMI and triglyceride were significantly lower in males in the Age $ 65 group than in males in the Age , 65 group, and BMI, SBP, DBP, FPG, total cholesterol, triglyceride, BUN, serum creatinine and adiponectin were significantly higher and HDL was significantly lower in females in the Age $ 65 group than in females in the Age , 65 group (Table 3) . In males, BUN showed a positive correlation with adiponectin in the Age $ 65 group (r ¼ 0.219, P ¼ 0.002) but not in the Age , 65 group. In females, BUN showed a stronger positive correlation with adiponectin in the Age $ 65 group than in the Age , 65 group (r ¼ 0.134, P ¼ 0.045 vs r ¼ 0.128, P ¼ 0.014; Table 3 ). In multiple-regression analysis using LnAdipo as a dependent variable, BUN was selected as a significant independent variable along with sex differences, age, BMI, FPG, triglyceride and HDL in the Age $ 65 group, while BUN was not selected as a significant independent variable in the Age , 65 group (Table 4) .
Characteristics of subjects from the second selection are shown in Table 5 . Adiponectin concentrations were 6.26^3.94 mg/ml in males and 8.84^4.71 mg/ml in females, the concentration being significantly higher in females than in males. LnAdipo correlated positively with age and testosterone in males and negatively with BMI and free testosterone in males. There was no statistical gender-based difference in age, and BMI was significantly higher in males than in females.
The mean values of testosterone, free testosterone, E1 and E2 in relation to age are shown in Figs 3 and 4. In subjects from the second selection, the changes in mean values of adiponectin in relation to age were similar to those in subjects from the first selection (Fig. 1) . In males, testosterone gradually decreased in their 30s adiponectin (µg/ml) adiponectin (µg/ml) generations (years) generations (years) 30s 40s 50s 60s 70s 80s 30s 40s 50s 60s 70s 80s Figure 1 Mean plasma adiponectin levels for each generation in males and females. Numbers of male subjects in each age group were as follows: 30s, n ¼ 19; 40s, n ¼ 44; 50s, n ¼ 62; 60s, n ¼ 130; 70s, n ¼ 96; 80s, n ¼ 21. Numbers of female subjects: 30s, n ¼ 53; 40s, n ¼ 88; 50s, n ¼ 129; 60s, n ¼ 209; 70s, n ¼ 104; 80s, n ¼ 9.
and free testosterone decreased almost linearly with aging, a pattern of change opposite to that of adiponectin (Fig. 3) . In females, E1 and E2 sharply decreased up to the 50s age bracket, in contrast to the pattern of change in adiponectin (Fig. 4) .
In multiple-regression analysis of age, BMI and sex hormones with LnAdipo as a dependent variable, free testosterone, which exhibits biological activity in humans, was not selected as a significant independent variable, whereas age and BMI were selected as significant independent variables in males. In females, E1 and E2 were also not selected as significant independent variables (Table 6 ).
Discussion
Previous studies showed that there is an inverse relationship between adiponectin level and creatinine clearance in essential hypertensives (10) and that aggravated renal function is one of the reasons for increase an in adiponectin level with aging (23) . Another previous study showed that adiponectin level is positively associated with abnormal renal function, assessed by urinary albumin-to-creatinine ratio, in patients with diabetes (24) . These studies suggest that a decrease in adiponectin clearance in the kidney may be the cause of high levels of adiponectin in the elderly, although it is unlikely to be the sole mechanism. Previous studies have shown that renal function declines with aging (26 -29) and BUN is known as an indicator of renal function. It has been reported that BUN level is affected by aging (30) and that there is a significant positive correlation between BUN level and age (31) . Therefore, we used BUN level as an indicator of renal function in this study.
Adiponectin increased linearly with aging in males, whereas in females it increased sharply until the 50s age bracket with a convex curve and then increased gradually (Fig. 1) . The patterns of changes in adiponectin were similar to the patterns of changes in BUN (Fig. 2) . In multiple-regression analysis using LnAdipo as a dependent variable, BUN was selected as a significant independent variable as well as sex differences, age, BMI, FPG, triglyceride and HDL in all subjects (Table 2) and BUN was also selected as a significant independent variable in the Age $ 65 group, whereas BUN was not selected as a significant independent variable in the Age , 65 group (Table 4) . These results suggest that decline of renal function with aging contributes independently to the elevation of adiponectin level. Since the biological significance of this elevation in adiponectin in the elderly is not known, further investigation is necessary to clarify the effects of increase in adiponectin in the elderly.
Studies conducted in Japan and other countries have demonstrated that sex hormone levels change with aging (25, 32 -36) . In Japan, the average age of menopause is about 50 years (35) . It is known that the concentrations of adiponectin in the elderly are high (21, 22) , but there has been little investigation of changes with aging. Investigation using mice revealed that androgens might inhibit the production of adiponectin (37) and that a decrease in sex hormones with aging might induce a gender difference in the process of elevation of adiponectin, because both testosterone and estrogen inhibited adiponectin, but the regulation by estrogen was weak and that by testosterone was strong (38) . It has been reported that testosterone showed negative correlations with adiponectin in boys and that adiponectin levels decrease in parallel with the progression through puberty (39) . Most of the subjects in the present study were middle-aged and elderly, and males tended to show a gradual decrease in testosterone in their 30s and an almost linear decrease in free testosterone from their 30s with aging ( Fig. 3) , whereas females showed a sharp drop in E1 and E2 in their 50s, the age of menopause (Fig.  4) . Testosterone, free testosterone, E1 and E2 all changed with aging in manners consistent with previously reported findings (25, 32, 36) . Adiponectin tended to increase with aging in both males and females ( Fig. 1 ) (21, 22) . It tended to increase linearly with aging in males, while it sharply increased with a convex curve in females until their 50s, the age of menopause. The patterns of changes in adiponectin seem to be mirror images of changes in free testosterone in males and changes in E1 and E2 in females. However, in multiple-regression analysis of age, BMI and sex hormones with LnAdipo as a dependent variable, free testosterone, which exhibits biological activity in humans, was not selected as a significant independent variable, whereas age and BMI were selected in males. In females, E1 and E2 were also not selected as significant independent variables (Table  6 ). These results indicate that the influence of bioactive sex hormones on changes in values of adiponectin with aging is not clear compared with the influence of decline of renal function on changes in values of adiponectin with aging. One limitation in this study is the inconsistent timing of blood collection from premenopausal females, because samples were obtained from subjects undergoing periodical check-ups. For examination of female hormones in premenopausal females, blood should be collected at a certain time point of the menstrual period, such as the follicular phase (40) or luteal phase (41, 42) , but there is a limitation to this in the setting of mass-screening tests. However, none of the enrolled females had a past history of gynecological disease, and since it was confirmed that E1 and E2 changed with aging in a pattern consistent with that reported previously, as shown in Fig.  4 (36) , it is thought that the results reflect general changes in female sex hormones. Another limitation is that this investigation was a cross-sectional study. Therefore, more prospective studies may be necessary to clarify the relationship between aging and adiponectin.
In summary, we investigated the change in human adiponectin with aging separately in males and females and showed that there is a gender difference in the process of elevation of adiponectin. We also confirmed changes with aging in BUN in males and females and testosterone and free testosterone in males and E1 and E2 in females, which are consistent with findings reported previously (25, 32, 36) . The patterns of changes in adiponectin were similar to patterns of changes in BUN and seemed to be a mirror image of patterns of changes in free testosterone, E1 and E2 on a graph. However, multiple-regression analysis showed that the decline of renal function with aging seemed to be more involved in the elevation of adiponectin with aging than were changes with aging in these sex hormones. In humans, especially in the elderly, a decrease in adiponectin clearance due to a slight decline of renal function with aging, assessed by the BUN levels, may cause increase in serum adiponectin concentrations. On the other hand, it may be because androgen inhibits the production of adiponectin that adiponectin is lower in males than in females (37) . Therefore, in terms of the increase in adiponectin with aging in the elderly, adiponectin seems to be influenced more strongly by BUN than by sex hormones generations (years) Figure 3 Mean plasma testosterone and free testosterone levels in males for each generation. Numbers of male subjects: 30s, n ¼ 19; 40s, n ¼ 21; 50s, n ¼ 21; 60s, n ¼ 21; 70s, n ¼ 21; 80s, n ¼ 20. Conversion factors: testosterone, nM ¼ ng/dl £ 0.03467; free testosterone, pM ¼ pg/ml £ 3.467. estradiol (pg/ml) estrone (pg/ml) 30s 40s 50s 60s 70s 80s generations (years) Figure 4 Mean plasma estrone (E1) and estradiol (E2) levels in females for each generation. Numbers of female subjects: 30s, n ¼ 21; 40s, n ¼ 21; 50s, n ¼ 21; 60s, n ¼ 21; 70s, n ¼ 21; 80s, n ¼ 9. Conversion factors: estrone, pM ¼ pg/ml £ 3.699; estradiol, pM ¼ pg/ml £ 3.671.
